Detecting circumbinary exoplanets and hierarchical stellar triples with
  the LISA gravitational radiation mission by Steffen, Jason H. et al.
Draft version December 11, 2018
Typeset using LATEX twocolumn style in AASTeX62
Detecting circumbinary exoplanets and hierarchical stellar triples with the LISA gravitational radiation mission
Jason H. Steffen,1 Dong-Hong Wu,1, 2 and Shane L. Larson3
1Department of Physics and Astronomy
University of Nevada, Las Vegas
Las Vegas, NV 89154
2School of Astronomy and Space Science
Key Laboratory of Modern Astronomy and Astrophysics in Ministry of Education
Nanjing University
Nanjing 210093, China
3Center for Interdisciplinary Exploration and Research in Astrophysics
Northwestern University
Evanston, IL 60208
(Received January 1, 2018; Revised January 7, 2018; Accepted December 11, 2018)
Submitted to ApJL
ABSTRACT
We investigate the possibility of detecting planetary or stellar companions orbiting white dwarf
binaries using the LISA gravitational radiation detector. Specifically, we consider the acceleration of
the barycenter of the white dwarf binary due to the orbiting third body as well as the effect of changes
in the tidal field across the binary due to the perturber’s eccentric orbit. We find that the movement
of the barycenter is detectable for both stellar and planetary mass objects. If circumbinary planets
occur with frequencies similar to gas giant planets around isolated main sequence stars, then we expect
to find of order 10 such planets in four years of LISA observations. For a longer, ten-year mission the
accessible parameter space for planetary mass, orbital period, and binary orbital period grows and
LISA’s associated yield increases to ∼ 100 expected detections.
Keywords: planets and satellites: Detection — gravitational waves — celestial mechanics
1. INTRODUCTION
Among the groundbreaking discoveries from NASA’s
Kepler mission was the observation of circumbinary
planets—planets orbiting an inner binary star (Doyle
et al. 2011). To date, there are nearly two dozen such
planets identified in nearly as many systems (Welsh
et al. 2012; Qian et al. 2012; Orosz et al. 2012b,a; Welsh
et al. 2015; Kostov et al. 2014; Lee et al. 2014; Kostov
et al. 2016). These discoveries show that such planetary
systems exist, but it remains difficult to determine the
occurrence rates of circumbinary planets.
A major challenge to establishing the frequency of
these planets, especially using transit data, is that the
transit signature in a binary system is constantly chang-
ing. Thus, one cannot analyze the lightcurve using stan-
dard techniques where the data are folded at a fixed or-
bital period to cause the transits to overlap. Rather,
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single systems are identified (often by eye) and the
lightcurve is studied in detail to tease out additional
transits in the changing flux from the dynamically evolv-
ing stellar system.
The anticipated Laser Interferometer Space Antenna
mission (LISA) may provide an additional means to
study the circumbinary planet population. Some work
has been done to examine the gravitational radiation (or
gravitational wave, GW) signature of planets orbiting a
central star (Cunha et al. 2018). They find that some of
the more massive, and shortest-period exoplanets could
be detected via the direct gravitational radiation they
emit with their host star. Here, by contrast, we investi-
gate the possibility of detecting planets orbiting short-
period, double white dwarf (DWD) stars.
The galaxy is expected to harbor ∼ 107 ultra-compact
binaries that radiate gravitational waves in the LISA
band Hils & Bender (2000); Nelemans et al. (2001); the
vast majority of these are double white dwarfs. Of those
binaries, many have similar orbital frequencies and their
overlapping GW signals will cause an irreducible fore-
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ground noise or confusion limit. From the total pop-
ulation of ultra-compact binaries, data analysis stud-
ies have modeled the population of binaries that LISA
should be able to individually resolve above the confu-
sion foreground. The expectation is that there will be a
few ×104 such systems Crowder & Cornish (2007) with
strong GW signatures due to their relatively slow orbital
decay (when compared to binary black holes or neutron
stars).
Should planets or stellar companions orbit these
DWDs, their gravitational perturbations would cause
periodic shifts in the GW signal. We investigate the pos-
sibility of detecting the GW signature of a companion
object orbiting a DWD via two different kinds of inter-
actions, the Doppler shift about the system barycenter
and orbital period variation from a changing tidal field.
This paper is organized as follows. In Section 2 we
examine the modulation of a GW signal that is caused
by these two different mechanisms. In Section 3 we esti-
mate the number and distribution of DWDs that would
be suitable targets for planet detection and make an es-
timate for the detection probability given our galactic
model for DWDs and the expected GW signature from
circumbinary companions. Finally, we give our conclud-
ing remarks in Section 4.
2. EXPECTED GRAVITATIONAL RADIATION
SIGNAL
We examine two frequency-modulating signals in the
GW signature of a binary source caused by an orbit-
ing third body. The first signal is the acceleration of
the GW source about the barycenter by the planet—
the variation of the Doppler shift. The second signal
is a direct modulation of the orbital period of the GW
source induced by the changing tidal field of a distant
companion on an eccentric orbit. Each of these sources
is discussed in turn.
2.1. Acceleration about the barycenter
The acceleration of the GW source about the system
barycenter produces a Doppler modulation of the GW
frequency. To leading order in v/c, where v is the radial
velocity of the source, the Doppler effect in frequency
(relative to the Barycenter of the solar system) is given
by
f = f0
(
1 +
v
c
)
(1)
where f is the observed orbital frequency of the GW
source and f0 is the orbital frequency of the source in
the absence of a perturbing object (twice the orbital
frequency of the DWD). With a planetary object (or
stellar companion) orbiting the DWD, the amplitude of
the radial velocity signal is given by
v =
(
m
M? +m
)√
G(m+M?)
a
sin i (2)
where m? is the mass of the binary, m is the mass of the
perturbing companion, a is the orbital semi-major axis,
G is Newton’s constant, and i is the inclination of the
orbit with respect to the line of sight.
The expected frequency shift amplitude of the DWD
is
∆f ' f0
c
(
m
M? +m
)√
G(M? +m)
a
sin i. (3)
Or, in terms of the planetary orbital period P ,
∆f ' f0
(
m
M? +m
)(
2piG(M? +m)
c3P
)1/3
sin i. (4)
The average value of sin i is pi/4 assuming that the or-
bital angular momentum of the planets are uniformly
distributed in space, so the average expected amplitude
of the signal will be:
∆f = 7.42× 10−8Hz
×
(
f0
Hz
)(
m
mJ
)(
M? +m
M
)−2/3(
P
year
)−1/3
.
(5)
For a four-year LISA mission, with a frequency reso-
lution of ∼ 7.92 × 10−9 Hz, the minimum detectable
change of the orbital frequency is 3.96× 10−9 Hz (since
fGW = 2f (Postnov & Yungelson 2014)).
The orbital frequency of the DWD needed to detect
a planet with a given orbital period is shown in Figure
1. We see that gas giant planets on year-long orbits can
produce a detectable signal if the DWDs have orbital
frequencies of order 10 milliHertz. DWDs with these
orbital frequencies are expected throughout the galaxy
according to galactic population models (Nelemans et al.
2001). We will examine the number of possible detec-
tions we can expect using this mechanism below for both
a 4-year and a 10-year LISA mission below.
2.2. Tidal modulation of orbital periods
If the third body is on a wide eccentric orbit, the
changing proximity to the DWD will modulate the bi-
nary’s orbital period. When the perturbing object is
near the binary, the binary orbital period increases.
Then, as the perturbing object retreats to its apocen-
ter, the binary orbital period decreases—approaching its
unperturbed value depending upon the apocentric dis-
tance. This scenario was derived for triple star systems
in Borkovits et al. (2003) and Borkovits et al. (2011). To
simplify the problem, we assume the orbit of the inner
binary is circular and the perturbing object is coplanar
with the binary (as was done in Agol et al. (2005). If
we consider the time between eclipses of the binary, the
deviations from a constant orbital period (O-C) of the
eclipsing time t is given by:
O − C = 1
2pi (1− e23)3/2
P 212
P3
m3
m1 +m2 +m3
× (f3 −M3 + e3 sin f3)
(6)
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Figure 1. DWD orbital frequency where a planet can be
detected in a four-year (solid lines) and ten-year (dashed
lines) LISA mission (i.e. a frequency resolution of 7.92×10−9
Hz and 3.16×10−9 Hz) as a function of planet orbital period
for planets with masses of 0.1 MJ (blue), 1.0 MJ (green), and
10 MJ (purple). This plot assumes a total DWD mass of 1
M.
where P12 is the orbital period of the DWD, and e3, f3,
and M3 are the eccentricity, true anomaly, and mean
anomaly of the perturbing object, respectively. The or-
bital elements are referred to the plane perpendicular to
the line of sight and going across the center of mass of
the binary.
The departure of the transiting period tj+1 − tj from
a constant period, where tj is the jth eclipsing time, is
therefore:
∆P =
1
(1− e23)3/2
P 312
P 23
m3
m1 +m2 +m3
(
3e3
(
1− 3
8
e23
)
cosM3 +
9
2
e23 cos 2M3 +
53
8
e33 cos 3M3 +O
(
e43
))
(7)
In frequency space this equation is approximately:
∆f =
1
(1− e23)3/2
P12
P 23
m3
m1 +m2 +m3
(
3e3
(
1− 3
8
e23
)
cosM3 +
9
2
e23 cos 2M3 +
53
8
e33 cos 3M3 +O
(
e43
))
(8)
Assuming the total mass of the DWD is 1 M and
the eccentricity of the perturbing object is 0.5, the or-
bital frequency of the DWD where a third body is de-
tectable is shown in Figure 2. With the assumption
that P3/P12 > 10, the region where the DWD frequency
change is detectable by LISA is shown as the shaded re-
gion in that figure. For a four-year observational time,
a third body is detectable only around DWDs with fre-
quencies smaller than 10−3 Hz, where we expect a low
signal noise ratio of the DWD. Moreover, detections are
only possible if the orbital period of the planet is of order
tens of days—where post main sequence stellar evolu-
tion may not allow stable orbits (especially stable eccen-
tric orbits). For planetary orbital periods of hundreds
of days the necessary DWD orbital frequency drops to
10 microHertz with its accompanying drop in the GW
signal-to-noise ratio. For a ten-year observational time,
the region where m3 can be detected is somewhat larger.
3. POPULATION OF THE BINARY WHITE
DWARFS RESOLVABLE BY LISA
To estimate the number of circumbinary planets that
might be seen in the LISA data, we begin with the pop-
ulation synthesis model for DWDs from (Breivik & Lar-
son 2018). Assuming the strain amplitude of the grav-
itational wave is h0, the signal-noise-ratio of the DWD
can be expressed as:
S/N =
h0
√
Tobs
hf
(9)
Where hf is the LISA sensitivity—including instrumen-
tal noise and background noise from the DWDs (Cor-
nish & Robson 2018). From this model, we expect
about 12000 detached DWDs with a signal-to-noise-ratio
S/N > 5 over a four-year observing campaign. This
population of resolved DWDs is shown in Figure 3. Since
the physics of DWDs with mass transfer is quite com-
plicated, we only consider detached DWDs for our pur-
poses. The resolvable DWDs have GW frequencies be-
tween 10−3 Hz and 10−2 Hz.
For the tidal modulation mechanism, since the resolv-
able DWDs have orbital frequencies between 5×10−4 Hz
and 5× 10−3 Hz, only companions with orbital periods
< 15 days and masses > 0.1 M would be detectable.
Therefore, we expect this mechanism to yield few if any
detections with LISA. We, thus, focus on the Doppler
mechanism for our detection estimates for the remainder
of this manuscript.
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Figure 2. DWD orbital frequency required to detect a third
body in a four-year and ten-year LISA mission via the chang-
ing tidal field as a function of the orbital period of the third
body P3 and its masses of 0.01 M (orange), 0.1 M (pur-
ple), 1 M (green) and 10 M (blue). The dashed line shows
the relation P3 = 10P12. Above this line (P3 & 10P12) the
approximation of Equation 8 is valid. The shades indicate
the region where the orbital frequency change of the DWDs
are detectable by LISA. The total mass of the DWD is 1 m
and the eccentricity of the third-body is 0.5.
Based on the sample of resolvable DWDs, we calculate
the number of DWDs N(M3, P3) around which we can
detect a companion with mass M3 and orbital period
P3. We assume observations spanning both four years
and ten years. The results of this calculation are shown
in Figure 4. Giant planets or brown dwarfs with masses
M > 10 MJ) and orbital periods P3 < 100 day would be
detectable around almost all resolvable DWDs. (Note
that we use the same sample of resolved DWDs for the
four-year and ten-year mission since only a few outliers
will have S/N < 5 for a four-year mission and S/N > 5
for a ten-year mission (especially at frequency < 10−3
Hz, Cornish & Robson (2017)).)
To complete our estimate, we must assume a planet
occurrence rate around DWDs. Since the circumbinary
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Figure 3. The amplitude spectral density of the sensitiv-
ity curve combining the instrumental noise and the galac-
tic confusion noise for a four-year mission lifetime is shown
in purple. The blue dots represent resolved monochromatic
DWDs, the green dots represent resolved chirping DWDs.
planet occurrence rates are not well understood, we work
with the assumption that their occurrence rates are sim-
ilar to planets orbiting isolated solar-type F, G, and K
stars. Cumming et al. (2008) fitted the probability den-
sity for planets with mass > 0.1 MJ and period < 2000
days around FGK stars as :
f(M,P ) = CMαP βd lnM d lnP (10)
Where α = −0.31 ± 0.2, β = 0.26 ± 0.1, C is a con-
stant. Integrating f(M,P ) over a range of masses and
periods yields the planet occurrence rate F (M,P ). The
number of the companions we can detect around the
DWDs would be N(M,P )F (M,P ). Since F (M,P ) is
calculated over a range of masses and orbital periods,
N(M,P ) is calculated as the median value of N(M3, P3)
over the same range of mass and period. The results are
shown in Table 1.
For a four-year observation time, we expect to see∼ 10
Giant planets with mass > 2MJ. Smaller giant planets
will be more difficult to find. However, when the obser-
vational time increases to ten years, we expect to find
tens of giant planets with orbital periods < 100 days
and several giant planets with orbital period between
100 days and one year.
4. CONCLUSIONS
We expect the LISA gravitational wave observatory to
find several to several dozen circumbinary planets over
the course of its anticipated lifetime. These planets will
be orbiting double white dwarf binaries and virtually all
of them will be detected through the induced Doppler
shift of the binary and its associated modulation of the
GW signal. While the modulating tidal force on the
binary from an eccentric orbit of a perturbing third body
LISA Circumbinary Exoplanets 5
Table 1. Expected number of detectable planets with a four- and ten-year observational campaign with LISA.
Four Year Ten Year
2MJ ≤M3 < 10MJ 10MJ ≤M3 < 15MJ 2MJ ≤M3 < 10MJ 10MJ ≤M3 < 15MJ
P3 < 100 day 3± 1 8± 5 39± 13 26± 15
100 day < P3 < one year 0 2± 1 8± 2 14± 7
one year < P3 < two year 0 0 2± 1 6± 3
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Figure 4. The number of DWDs around which we can de-
tect a third body with mass M3 and orbital period P3.
does induce a GW signal, it will most often fall outside
the sensitivity of the LISA mission.
These circumbinary planets will be widely distributed
as LISA will be sensitive to DWD binaries everywhere
within the galaxy. Nevertheless, the detections will
likely concentrate near the galactic center where there
are more DWDs and the loudest examples will be some-
what closer to Earth. For our estimates we assumed an
occurrence rate similar to single stars and that the or-
biting planets will survive the post Main Sequence evo-
lution of the DWD. This latter assumption warrants fur-
ther study that lies beyond the scope of this letter.
An advantage of the approach outlined here for de-
tecting CBPs is that the detection sensitivity of LISA is
much easier to characterize than the sensitivity of tran-
sit surveys like the Kepler mission. With Kepler, the
constantly-changing transit profile within each system is
a significant challenge to automated searches. By con-
trast, the GW signal of a circumbinary planet orbiting
a DWD is straightforward. And, while the anticipated
yield may be modest, it will still be useful for measuring
the CBP occurrence rate across the galaxy.
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